fact, usually seismograms that are available concern with the characteristics of point motion by using accelerometers. Nevertheless, the 3-D motion of the terrain can strongly affect the dynamic excitation of the buildings. Therefore, recently during the 1997 earthquakes in Italy, novel attention has been addressed to the 3-D aspects of earthquake motion by installing proper systems to acquire and elaborate data [4] , [5] . The problem of the analysis and consequent reproduction of earthquake motion has been attached in [6] by discussing preliminary test results that have been obtained with Cassino Parallel Manipulator (CaPaMan) prototype by using monitored data of earthquake events in central Italy, in 1997 [4] , [5] . The motion capability of CaPaMan has been used to simulate 3-D earthquake motion through an extension of previous experiences [6] . A 3-D motion for the terrain can be considered as a novelty for earthquake simulation since rotational motion can be taken into account.
In this paper, experimental results are obtained by using CaPaMan architecture as an earthquake simulator of seismic motion. Furthermore, first results are reported to show earthquake effects on scaled civil structures.
II. EARTHQUAKE CHARACTERISTICS
A seismic motion is a function of chemical and physical characteristics of the terrain, which can be considered as a composite body with several stratified masses [7] .
One can identify the period of a seismic cycle and characteristic length for each seismic wave type. The main types of seismic waves Fig. 3 . Scheme for earthquake monitoring on the Stallone room at Holy Convent in Assisi (Italy) through installation of seismograph accelerometers at points P 0 , P 1 , P 2 , and P 3 [10] .
can be considered as the compression expansion waves P , transversal waves S, and superficial waves M . They can be classified by referring both to the propagation speed and terrain movements, as shown in Fig. 1 . The P waves propagate through a spring-like-motion with a typical period between 0.1 and 0.2 s; the S waves refer to sea-like waves with a typical period between 0.5 and 1 s; the M waves involve only the terrain surface with a typical period between 20 s and 1 min. The intensity, shape, and duration of a seismic motion depend also on the characteristics of the terrain through which the seismic waves propagate. In Fig. 1(c) the main difference is represented among the above mentioned seismic waves in terms of acceleration magnitude and CaPaMan design: (a) a scheme of MP for the accelerometers placement on points P 0 , P 1 , P 2 , and P 3 and (b) prototype with accelerometers and scaled civil structure for an application as sensored earthquake simulator. characteristic period of oscillating motion. Usually, critical resonant motion is analyzed in terms of translational seismic components, but even angular motion can strongly contribute to the resonant excitation.
III. EARTHQUAKE EVALUATION
Earthquake evaluation is performed by monitoring the basic characteristics of a seismic motion, mainly in terms of acceleration magnitude and time history [7] . However, even displacement and velocity of the wave motion are of great interest. In addition, 3-D motion evaluation can be important in order to consider the wave motion and its propagation on the terrain surface.
A. Point Seismograms
Characteristics of a seismic wave can be evaluated by considering the motion of a point on the terrain surface. This is usually obtained by monitoring the acceleration of a seismic event in a point through its horizontal and vertical components. Those measurements give results in the form of seismograms by using suitable accelerometers, whose sensing axes are usually North-South (NS), East-West (EW), and vertical (V) directions. Typical results are shown in the seismograms of Fig. 2 [5] . In particular, the seismic event in Fig. 2 has been limited in time and can be analyzed with starting, peak, and lasting phases. Plots in Fig. 2 refer to a combination of P and S waves, which usually occur in the proximity of the epicenter.
B. 3-D Seismic Motion
According to the authors' knowledge, the first data for investigation on 3-D motion of terrain under earthquake effects has been collected by the Italian Seismic Service (SSN) for the earthquake events in central Italy, in 1997-1998, as reported in [4] and [5] . The 3-D motion effects on resistant constructions are well known and in fact suitable dynamic analyses and designs are current practice for constructions. A 3-D terrain motion during a seismic event can be considered as related to angular motion due to seismic wave propagation. In order to evaluate 3-D seismic motion of terrain element, one can define a flat portion and consider it as a rigid plane at which a Cartesian frame can be attached. In order to completely define the rigid body acceleration (linear acceleration, angular velocity and acceleration), it is necessary to know the linear acceleration (a P 0X , a P 0Y , a P 0Z ) of one point P 0 belonging to the rigid body angular velocity (ω x , ω y , ω z ) and angular acceleration, with respect to a frame attached to the body and with the origin coincident with P 0 . Indeed, the above-mentioned nine parameters are necessary and sufficient to completely describe the acceleration of a rigid body. A 3-D motion is known when the Kinematics is evaluated for a point and Cartesian frame or alternatively for three points or four coplanar points [8] . Fig. 3 shows a solution that SSN has implemented to install accelerometers on the basement floor of Stallone room at Assisi Convent [4] . In Fig. 3 points P 0 , P 1 , P 2 , and P 3 lay on the floor plane. The angular motion of the reference floor with respect to the fixed frame P 0 -XYZ can be expressed as
where the distances a, b, c, and d are related to the position vectors R 1 , R 2 , and R 3 locating point P 1 , P 2 , and P 3 , respectively, with respect to P 0 -XYZ. In the monitoring system of Fig. 3 , the seismograph accelerometer outputs have been named as A, B, M, G, F, C, L, and I and they correspond to the acceleration components in (1) that have been used to compute the angular motion of the floor plane. The layout in Fig. 3 has been suitably studied to simplify the Kinematics of the sensoring system. In order to have six equations for six unknowns, there is no need to use all the components in (1) for the sensored four points. The system in (1) is linear with respect to angular acceleration, but quadratic with respect to ω x , ω y , and ω z . Thus, in order to eliminate the sign ambiguity, initial conditions must be taken into account. The angular motion of the floor plane can be evaluated from the abovementioned nine acceleration components as shown in Fig. 4 . The 3-D angular motion in Fig. 4 can be considered of significant magnitude and therefore may have relevant effects on the dynamics of constructions that have been built on the basement floor plane.
IV. CAPAMAN DESIGN AND SIMULATION RESULTS
CaPaMan is a 3-DOF spatial parallel that has been conceived and built at Laboratory of Robotics and Mechatronics (LARM) in Cassino [9] . It is composed of a fixed platform FP and a moving platform MP, which is driven by three legs that are connected to it by spherical joints located at the corresponding articulation points.
Each limb is composed of a parallelogram, a prismatic joint, and a connecting bar. The input kinematic variables are the input crank angles. Points P 0 and O are center points of MP and FP, respectively.
The application as earthquake simulator is based on the programming of suitable leg movements that give a seismic motion to the mobile platform.
In addition, CaPaMan prototype has been provided of suitable accelerometers as shown in Fig. 5(a) and (b) in order to monitor and verify the seismic simulated motion. In particular, accelerometers have been installed at points P 0 , P 1 , P 2 , P 3 , as shown in Fig. 5(a) , to obtain a solution of (1) for the angular velocity in the form in (2) , and for the angular acceleration in the form in (3).
In (2) and (3), r is the radial distance of P 1 and P 2 from P 0 and L is the distance of P 3 from P 0 . Sign ambiguity in (2) can be solved by considering initial conditions, i.e., the starting configuration of the MP. In order to study the effects of an earthquake on scaled civil structures, two more accelerometers have been installed on the scaled civil structure to monitor the horizontal and vertical accelerations of a floor point.
The monitoring system is composed of commercial equipment, like an acquisition card NI-ATMIOA16F, industrial accelerometers Kistler 8303A2, and a dynamic torsionmeter FGP CD 1050, that are used in LabVIEW frame.
V. CAPAMAN SIMULATING EARTHQUAKES
CaPaMan parallel manipulator has simulated earthquake motion as reported in previous experiences [6] , [10] . Point seismograms can be reproduced, but 3-D seismic motion can be obtained only with similar characteristics of real events.
A. Simulation of Seismograms
In Fig. 6 horizontal seismograms have been successfully simulated, as compared to those in Fig. 2 . The motion by CaPaMan has been determined after suitable numerical elaboration of the data of real seismic events in order to take into account effects of the scaled size of the system.
B. Simulation of 3-D Motion
The above-mentioned system has been used to simulate a 3-D motion. In particular, Fig. 7 shows the results of an earthquake motion, which are obtained by CaPaMan. In Fig. 8 the angular motion characteristics of the MP have been obtained after the numerical evaluation through (1)-(3) .
C. Earthquake Simulation on a Model of Civil Structure
CaPaMan parallel manipulator has also been applied to investigate the effects of an earthquake on a scaled civil structure. Scaling factors for the various geometrical and physical quantities must be selected to produce a reasonably sized model. Experimental results of vertical simulated earthquake have been reported in Fig. 9 .
VI. CONCLUSION
A novel application of CaPaMan, a 3-DOF spatial parallel manipulator, as earthquake test-bed simulator has been proved by means of experimental tests. Further validation of the CaPaMan has been presented by monitoring the effect of 3-D motion on scaled civil structures.
